ABSTRACT As wireless communication has become completely integrated into people's day-to-day lives, so has its reliance on wireless connectivity. The Centers for Disease Control reports that in 2013 39.4% of the U.S. population did not own a traditional wired telephone. While the convenience of a wireless phone is clear, it has created a situation where it is the only communication device that people have during a natural disaster. Far too often during disasters communications with these devices fail, often occurring in one of two ways. First, natural disasters destroy the network hardware that provides the required network connectivity. Second, as people need these devices for safety and security, the network that these devices utilize becomes overloaded. The research in this paper provides evidence that there is a statistically measurable increase in wireless communication traffic during a severe winter storm. This empirical study explores the increase of voice minutes of use and text messaging during a severe winter storm.
I. INTRODUCTION
There are 335.65 million wireless devices in the United States [1] and 315 million residents, meaning there are more wireless devices in the United States than people. As the proliferation of wireless devices increases many people have disconnected their landline or wired telephone. As of 2013, 39.4% of the total U.S. population owns only a wireless device [2] . Wireless devices are used for everything from entertainment, to business, to summoning help during times of disasters. During disasters people reach out for assistance in a variety of means. It is estimated that in 2014 there were 240 million 911 calls made with between one third and half of those calls made by wireless devices [3] . 911 is not the only way people get aid during a disaster. Assistance can include calling for a service such as a tow truck, taxi, health care provider or simply reaching out to a friend for information or help. The ability to place non-911 calls is important, allowing people to obtain support before an issue requires 911. 95% of individuals surveyed report that in a disaster they would first call friends and family [4] . When an overloaded wireless network exists, a number of solutions have been presented that provide a means of access for critical calls. One solution is prioritizing calls to emergency services, enhanced 911 (E911), to ensure that they are connected before non-E911 calls [5] . Another solution is wireless priority service (WPS). This solution allows individuals with special access codes the ability to have priority on the wireless network. Special access codes can be given to first responders, government agencies, or others that provide aid during a disaster. In the United States the Department of Homeland Security has a non-mandatory program that wireless carriers can participate in WPS [6] . Both programs, WPS and prioritized E911, are important. What these programs don't provide is a solution for lower priority yet important communications.
In an effort to better understand wireless communication during a disaster this study measures the change in traffic from a period before a severe winter storm hits, through the period of the storm, and for a few days after the storm has past. The goal of this study is to provide statistical evidence of a measureable increase in wireless communication traffic. This research informs the wireless industry of the changes in demand during a severe winter storm. While there is no single solution for ensuring wireless communication during a disaster, provisioning for an increase in traffic aids communities during disasters.
Stephan [7] proposes that people come to expect their wireless devices to work during a natural disaster and when it does not work it is an engineering ethical violation. He makes the analogy of a fire escape failing during a fire. The failure a of the fire escape is a serious issue. Sadly, during many disasters the wireless network has failed, leaving people without a means to get the help they need. Much has been written about how Hurricane Katrina devastated the gulf coast in 2005. It is estimated that 2.475 million wireline customers and over 3,000 cell sites failed during the storm [8] . These failures left people stranded and unable to the get the help they needed. In one example, individuals were dropped off on a highway overpass by the U.S. Coast Guard and were stranded for days due to a communication breakdown [9] . Communication with emergency services would have resulted in a prompt rescue. In 2012, seven years later, Hurricane Sandy hit the New Jersey and New York area. This storm caused 10%-20% of the cellular towers to cease operations [10] . During both hurricanes individuals lost the ability to communicate with their wireless devices. They were unable to seek help or support.
In 2014 the National Institute of Standards and Technology (NIST) established the Community Disaster Resilience initiative. The objective of this initiative is to create a framework that provides guidelines for both the public and private sector to harden buildings, infrastructure lifelines, and communities. Wireless communication is categorized as an infrastructure lifeline. At the writing of this article NIST has completed 50% of their recommendations. Their recommendations do include references to a rise in wireless traffic during disasters and the need to plan for this increase [13] .
During a disaster two deficiencies in the wireless network need to be considered: reliability and capacity. First, natural disasters impact the reliability of the network. This is usually because of direct or secondary damage to the telecommunication equipment or its supporting systems, as seen because of Hurricane Katrina [8] . Second, there needs to be enough capacity available on the network to support the traffic demand during the disaster. Without enough capacity the service is again unusable.
II. PREVIOUS RESEARCH
A fair amount of research in the field of telecommunication networks and natural disasters has taken place in the past. The most common type of research is case studies or design theories to improve reliability with most research based on survivability of the network. Less research has focused upon network availability or the ability of people to use the network before, during and directly after a natural disaster.
After most major disasters impacting telecommunication networks there are a number of case studies done focusing on the disaster, including the impact hurricanes Katrina, Isaac, and Sandy have had on the areas power and telecommunication infrastructure [8] , [14] . The case studies for all three disasters show physical destruction of telecommunication equipment and widespread loss of commercial power. With hurricanes Katrina and Sandy, the impact to communities was significant. The impact of Hurricane Sandy resulted in 8.2 million customers losing electricity, 32% of all cell sites were out of service, Verizon had 600 digital loop carriers (DLC) affected, and many other central offices and data centers out of service. Most of the issues were due to either flooding or loss of electricity [14] . For Hurricane Katrina the impact was very similar creating a situation where 2.4 million people lost land line service, 3,000 cell sites failed, 78 of 229 E911 centers experienced failures, 30 central offices were damaged, and 9 additional central office were destroyed [8] .
The most relevant disaster research on the increased call or text message volume is the computer simulations that were done by Sandia National Laboratories and Bell Labs. They created a tool named N-SMART to model the cascading impacts that occur when a natural disaster impacts an area. The N-SMART tool is a discrete event simulator that simulates call events such as call blocking, network resources requirements, retries, and time to complete a call for wireless and wireline communication networks [15] . The tool is able to estimate the impact of the communication outages in society.
At least four different computer simulations were completed using the software. In 2004, a simulation was done on the impact of a fire that destroyed the telecommunication network of a major maritime port facility [16] . That simulation showed it took four weeks to return to normal. In 2005 a study was done on the interaction of wireless and wireline communication networks [17] . The simulation showed that a failure in one of the networks drove traffic to the other network. Depending on the size of the surviving network this can create severe blocking [17] . Shortly after Hurricane Katrina devastated the Gulf Coast area a second storm named Rita approached Galveston, Texas. O'Reilly et al. [18] created a simulation to estimate the possible impact Hurricane Rita would have on the Galveston area, developing three different scenarios. The first was a no service disruption scenario as the baseline scenario. It estimated the non-disaster performance of the network. The second was a simulation of a wide-scale power outage that had a cascading impact into the telecommunication network. The final scenario was a wide-scale power outage with a cascading impact to the telecommunication network, with additional direct damage to a subset of the network. In this final scenario, the most severe scenario, the total call attempts increased by 20 times normal volume, the blocking level was greater than 95% and lasted for many hours, and for six of the hours the system blocking was near 100% [18] . The fourth simulation by Sandia National Laboratories and Bell Labs was the complete blackout of a major metropolitan area [19] . In this simulation 35% of the population was unable to dial 911, thereby increasing the simulated base death toll from 16 to 20 individuals [19] .
The research in this study expands the simulation work by measuring the actual performance of a live wireless network directly before, during and directly after severe winter storms. It is an empirical study that measures the actual call performance of a wireless network during a series of severe winter events. Kwasinski and Krein [20] started a line of thought on how each type of natural disaster has a different profile in how it affects telecommunication networks. As an example, earthquakes have little warning, tend to be localized and destroy equipment though vibration, structure damage, or damage to supporting equipment hereas severe winter weather can be anticipated and widespread. For example, the storm in 1997 impacted large parts of the North Eastern U.S. and Canada [21] . Severe winter weather tends to have a warning period and damages telecommunication equipment from falling ice, heavy snow, or disruption of aerial cable for power or backhaul. Much of the information in Table 1 originated from the work of Kwasinski and Krein [20] indicating that if a profile of the disaster type can be established, it is easier to develop solutions that reduce the impact the storm has on the telecommunication network. A hurricane with mandatory evacuation would have a different design than a severe winter storm where government officials recommend people to stay at home. In the case of a hurricane, evacuation routes may require additional capacity, whereas with a severe winter storm residential neighborhoods may require the capacity.
Information on profiling disaster types allows one more piece to be added to how natural disasters impact telecommunication networks. An empirical study builds off of the work done via simulation yielding actual results of how severe winter weather impacts the call volume of wireless communication networks. With this information, wireless carriers can make changes to the design of their networks to better support the need of people during these disasters.
III. METHODOLOGY
This study measures the volume of calls, text messages before, during, and after a severe winter storm. It is a quantitative empirical study of 398 cell sites with a total of 2,388 measurements for each dependent variable. The research design is a quasi-experimental non-equivalent group design. It has two groups: a control and treatment group. The treatment group of cell sites is the group cell site impacted by the storm. The control group of cell sites is the group of cell sites outside the storm's footprint. For both groups measurements are collected in three periods, before, during and post storm. Both the treatment and control group each contained 199 cell sites. Assignment to the two groups was not random, hence a quasi-experimental design vs a randomized design. Quasi-experimental designs have many of the key characteristics of a randomized experimental design the main difference is that the selection of subject is not random [22] and is often used in information systems or engineering situations where it is hard to manipulate independent variables [24] . Quasi-experimental non-equivalent group designs usually create less evidence than randomized experiments due to a greater possibility of other influences affecting the results and is very common in research where group assignment is impossible, impractical, or unethical [23] . Shadish et al. [23] state that with proper design considerations a non-equivalent group design can be effectively generalized. A design element utilized in this study is pre and post-testing which aids in generalization. Due to the nature of this study it is not possible to randomly assign geographical locations to disaster or control groups.
To understand the traffic patterns of a severe winter storm, two hypotheses were created. The hypotheses have both a control and treatment group. 1) H1 -There is a predictable traffic pattern before, during, and after a severe winter storm. 2) H2 -There is a predictable SMS pattern before, during, and after a severe winter storm. The empirical study measured the traffic patterns during the blizzard of 2011. This blizzard impacted a portion of the Midwest region of the United States from February 1 st to the 2 nd 2011. Data was collected from the operational measurements (OMs) of a regional wireless communication carrier.
Group assignment was not random and was based on the National Oceanic and Atmospheric Administration (NOAA) definition of severe winter storms. Cell selection within each group was performed with a stratified random sampling methodology. Each cell record contained three measurement periods. The first measurement period was before the storm occurred, the second was during the storm, and finally the third was after the storm. Treatment group assignment was based the NOAA classification of a blizzard, winter storm, heavy snow warning, or ice storm [25] . By including these classifications the areas had either 7'' of snow, 1/4'' of ice or more, or snow and wind greater than 35 mph. The sample space for the treatment group consisted of counties in Wisconsin, Iowa and Illinois. An exclusion zone of one county around the treatment sample space was also created. This was done to have a clear distinction of impacted areas versus non-impacted areas. The control group consisted of a sample space of areas defined under the NOAA conditions as normal, not specific watch condition, or not in the exclusion zone.
To analyze the data, a mixed design analysis of variance (ANOVA) with a generalized linear hypothesis test for post hoc analysis was performed on each hypothesis, Figure 1 . The design contained one between factor variable, group, and one within factor variable, period. The between factor variable contained two levels, treatment and control. The within factor variable contained three levels, before, during and after. This combination created a 2X3 mixed design ANOVA design.
IV. RESULTS
Results of the research study show a clear and significant increase in voice minutes of use and text messaging, hypotheses 1 and 2. Each of these two hypotheses had a statistically significant traffic increase in excess of 20%. The increase in volume lasted through the disaster period, returning to normal levels after the storm ended.
The treatment group of hypothesis 1 had an increase in voice minutes of 23.7%, visible in figure 2. There is a clear increase in voice minutes transitioning from the period of before to during and the traffic moves back to normal in the after period. The weekly traffic pattern is also visible. 1/30/2011, 2/5/2011, and 2/6/2011. This is the pattern that was expected. The control group had 1% increase in voice minutes of use. The ANOVA table shows that the change in the period and group to period combination are statistically significant ( Table 2) .
The post hoc analysis completed was a pairwise general linear hypothesis test (Table 3) . When testing each of the pair it is clear that the treatment during, TD, when compared to treatment before, TB, is statistically significant. Also significant is the transition from the treatment during, TD, to treatment after, TA. The 23.7% increase in voice traffic is statistically significant, supporting the hypothesis that traffic increased due to the storm. Another pair also showed a small but statistical increase. This is the control during, CD, to control after, CA. 11 of the 198 sites in the control group had an unexpected decrease in their traffic in the after period. It is unknown why these 11 sites had a decrease in traffic for the after period. Removing these 11 sites from the analysis removes statistical significance.
Hypothesis 2 states that during a severe winter storm text messaging increases. The results of the hypothesis show a 31.5% increase in text messaging in the period classified as during the storm when compared to the before and after periods. This increase is visible in the line chart (Figure 3) . The ANOVA analysis indicates that the increase in traffic is statistically significant to a level of p<.05 (Table 4) .
The post hoc general linear hypothesis test shows that when comparing the period of before the storm to during the storm there is a statistically significant difference along with the period of during the storm compared to after the storm (Table 5 ). The pairwise comparison of TD to TA and TD to TB are both statistically significant. As indicated in the line chart, figure 3 , the text messaging level after the storm did not equal the levels before the storm. It remained elevated for 4 days post storm. The period of TB to TA is also statistically significant, though the size of the change is minimal (Table 5 ).
V. CONCLUSION
The purpose of this study is to understand the impact severe winter weather has on wireless communication networks demand, to understand the change in traffic demand as a result of a winter storm. The results of this analysis show there is a statically significant increase of 23.7% in voice minutes of use. Voice traffic increased during the storm and returned back to normal after the storm. For text messaging, there was a statistically significant increase of 31.5%. As seen, both voice and text messaging increased during the storm. This increase had the potential to create network congestion or blocking where individuals would have been prevented from getting necessary help or support. Wireless carriers can utilize the known increase in voice and text communication to dimension their network to support the increase in traffic during severe winter storms.
NIST [13] defines hazard level as routine, expected and extreme. While it is not possible or practical to design a network for an extreme hazard, this research frames the increase in traffic during a routine or expected hazard. By dimensioning a wireless communication network to support the increase in demand due to an expected disaster, along with network hardening, and technologies that prioritize traffic, the community is better supported.
The design of this research study allows the results to be generalized to other locations and others storms. It is expected that other storms in other locations will have similar results. However, future research is needed to confirm the generalizability of the results. Reproduction of studies is an important tool in the scientific process. As additional studies are completed the body of knowledge will expand. In addition to reproduction, this study does provide promising avenues for future research. Areas of future research include adding data from different locations, adding different factors that influence traffic volume, including data traffic in the analysis, and completing the research on different storm types. Each storm type could and should have a different profile ( Table 1) . Understanding these different profiles enables wireless carriers to provide a reliable communication network that is able to meet the end user's needs during a natural disaster [25] .
